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THE  USE  OF  PULSE  CODING  TO  DISCRIMINATE 
AGAINST  CUJTTEH* 

Roger  Manr^BBe** 

ABSTRACT 

This  paper  conaldera  the  use  cf  pu3.Be  coding  (or  pulae  conpreasloit)  in 
radar  to  obtain  Improved  detecrior  "  -trirge'  .  in  clutter.  The  eff'-ctlvcneaB 
of  this  techrjlque  depends  on  the  differing  spatial  characteristics  of  the 
target  and  clutter  In  contrast  with  the  usual  MTl  which  depends  on  the 
differing  time- varying  properties.  With  the  asauuptions  of  a  simple 
clutter  model  and  an  appropriately  optimized  receiver,  and  with  the  aid  of 
known  results  In  detection  theory,  an  expression  Is  derived  for  the  single¬ 
pulse  detection  capability  of  a  radar  operating  in  the  presence  of  both 
clutter  and  additive  white  receiver  noise.  Prom  the  expression  It  Is  seen 
that  detection  performance  is  simply  related  to  the  spectrum  of  the 
transmitted  signal  and,  generally  speaking,  Improves  as  the  bandwidth  of 
the  transmitted  signal  Is  Increased.  Results  for  clutter  noise  only  or 
receiver  noise  only  appeeu:  as  special  casea.  The  IjipllcatlODS  of  these 
results  for  pulse  coding  (or  pulse  conipresalon)  in  radar  cure  discussed. 

« 
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T.  IntrodurtloQ 


Before  proceeding  with  a  theoiotlcal  discussion  of  the  appllcatl?.ity 
of  pulse  coding  to  obtaining  improved  radar  detection  of  targetb  in 
clutter,  let  UB  consider  briefly  rhe  conrectlon  between  the  termn  "pulee 
coding"  and  "pulse  compresalou." 

For  a  radar  receiver  opeiatin*  In  tiie  prceenco  of  additive  ^ite 

guasslan  noise,  modern  stn*"' ‘'t  ical  theory  indicates  that 

optimism  receiver  performance  can  be  obtained  with  the  aid  of  a  llneeu: 

filter  \rtilch  in  matched  to  the  expected  radar  return,  a  filter  which  has 

a  unit  impulse  response  which  is  simply  a  time  Inverted  replica  of  the 

12  3. 

expected  radar  return.  ’  The  oignal  R(t)  and  noise  are  fed  Into  a 

matched  filter  with  unit  irapulne  response  h(t)  =  6(T  -  t). 


s(t)  +  n/'lse 


JiATC'flED  FILTER 
h(t)  «  s(T  -  t) 
K(^)  =  S{f} 


27rifT 


y(t) 


T  is  an  arbitrary  time  delay  factor  cboaen  so  that  h(t)  satis.fies  the 
realizability  condition 

h(t)  0  for  t  <  0 


In  the  frcquercy  d-mviin  the  filter  restponse  Is  given  by  the  ejgpresslon 
shown  in  Fig.  l,  where  H(f)  ar>d  R(f)  are  the  Fourier  trauefonas  of  h(t) 
and  s(t),  respectively.  Then  the  output  of  the  matched,  filter  y(t)  is 
equal  to  the  convolution  of  s(t)  with  h(t)  plus  a  noise  terra. 
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y(t)  •-  /  B{z)h(t  -  ?.)d2  +  iiolae  =  /  8(z)3(T  -  t  +  7.)dr.  +  noise 

J  J 

-00  -oo 

«  <f(T  -  t)  +  nolot; 

vhere  <y(T)  Is  the  autocorrelation  fonctlon  of  8{t).  Detection  is 
perforned  at  approximately  tl:ae  t  -  T  where  the  slgriei  autocorrelatlor: 
f'.'.nctlon  at  the  oxitput  of  the  flit''-  r'*''.chc'5  ij®  pealt. 

Under  the  assvmptlon  that  the  receiving  filter  always  remains 
matched  to  a  delayed  replica  of  the  transmitted  signal,  the  signal 
pulse  at  the  output  of  the  matched  filter  will  always  be  the  auto¬ 
correlation  function  of  the  tranumitted  signal.  If,  for  veurlous  reasons, 
we  desire  to  have  (in  some  sense)  an  autocorrelation  function  which  is 
short  compared  to  the  transmitted  pvilse  length,  it  will  be  necessary  to 
code,  l.e.  amplitude  and  phase  modalate,  the  transmitted  pulse  in  order 

« 

to  increase  its  bandwidth  appreciably  beyond  that  for  the  uncoded  pulse. 
Pulse  compression,  a  tens  taken  to  refer  to  a  process  whereby  a  relatively 
loiig  low  amplitude  pulse  Is  converted  to  a  relatively  short  high  amplitude 
pulse,  is  brought  about  automatically  by  the  matched  filter  when  the 
transmitted  pxHoe  has  been  coded.  Thus,  for  oui'  purposes,  the  terms 
"pulse  compression"  and  "pulse  coding"  are  synonymous  sjnd  the  terms  can 
be  used  interchangeably. 

^Recalling  that  the  autocorrelation  function  is  the  Fourier  transform  of 
of  the  signal  energy  spectrvms,  we  see  that  the  requirements  on  the  shape 
of  the  output  pulse  can  be  expressed  in  terms  of  requirements  on  the  shape 
of  the  signal  energy  spectrum. 


h 


The  i>088lblllty  of  Improying  a  radar's  ability  to  dlscrlxolnate  against 
clutter  through  che  VS9  of  pulse  cocipresslon,  vhlch  Is  the  subject  of  this 
paper,  ves  suggested  to  the  author  by  Dr.  Robert  F.  Naka  of  the  M.I.T. 
Lincoln  Laboratory. 

II.  Analygls  of  the  Problem 

I/*t  ug  now  consider  a  conventional  pulsed  radar  In  which  the  doppler 

shift  on  a  single  radar  pulse  is  negligible:  That  la,  the  slgno?  pulse 

reflected  from  a  point  teurget  Is  slaply  a  delayed  and  attenuated  version 

of  the  transmitted  pulse.  On  the  sweep  return  from  a  single  pulse,  then, 

we  completely  Ignore  the  time-varying  properties  of  both  the  target  and 

h 

the  Cluster.  Following  the  procediure  used  by  George,  the  space  surrounding 
the  radar,  appropriately  weighted  with  the  antenna  beam  pattern,  may  be 
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ccnstdered  as  a  linear  filter  whose  transfer  characteristic  is  characterized 
Dy  a  uxuL  impulse  response  function  which  Is  denoted  W{t). 


RECEIl’ER 

1 -  NOISE 

_ - 


1 

TRANSMITTER 

^(t)  ^ 

SPACE 

v(t)^ 

RECEIVER 

W(t) 

L  _  _  .  . 

1 

Figure  2 


The  zransmltter  generates  the  transmitted  pulse,  denoted  u(t),  which  is 
then  reflected  from  objects  In  the  space  surrounding  the  radar.  This 
process  is  equivalent  to  passing  ii(t)  through  the  filter  W(t)  to  produce 
the  reflected  waveform  v(t)  which  presents  Itself  to  the  receiver  along 
with  receiver  noise,  where  v(t)  Is  given  by 


v(t) 


t  -  z)dz 


We  can  Imagine,  without  loss  of  generality,  that  u(t)  is  generated  In  the 

transmitter  by  sending  a  spike  or  6-function  into  a  filter  with  i-npulse 

response  u(t),  and  the  above  block  diagram  is  equivalent  to  the  following. 

RECEIVER 


Flfpire  3 


6 


Because  the  frequency  response  function  of  the  first  two  filters  taken 
in  series  is  simply  the  pro«iuct  of  the  frequency  response  functions  for 


■tllC  SODfirfttvA  •VO  1*12. 

affecting  v(t). 


RECEIVER 

NOISE 


* 

- ! 

w(t) 

w(t) 

''(*}  M 

RECEIVER 

— 

/ 

j 

1 _ 

- 7 

Figure  U 

Tn  order  to  proceea  iXu-ther  we  must  assume  a  model  for  the  clutter 
return.  We  assirss  for  the  purpose  of  analysis  that  the  clutter  consists 
of  I.  largo  randomly  distributed  ensemble  of  very  small  independent  point 
scatterers.  That  is, 


W(t) 


A6(t 


Signal 

term 


t^)  +  L  a^b(t  -  tj^) 

_ _ _ y 

Clutter  noise 

term 


The  first  term  is  the  response  of  the  point  target  to  a  transmitted 
6-functlon.  The  amplitude  A  is  finite,  corresi>ondlng  to  the  fact  that 
the  cross  sectioi  is  finite,  while  the  time  delay  measures  the  range 
of  the  tfurget.  The  second  term  represents  the  clutter  response  to  a 
5-functlon  and  Is  a  sum  of  appropriately  amplitude  weighted  and  delayed 
S-functions  corresponJliig  to  the  point  scatterers  of  the  clutter  model. 
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The  a,  6  and  t  ‘  n  fire  taker,  to  be  independent  random  variables .  Consider 
ckii  interval  of  ran/^e,  stiff ielentiy  nmaJl  so  that  the  iuverse  fourth  powar 
r.f  ranjje  and  other  geometrical  factors  can  be  ignored  across  the  interval. 
Then  the  are  uniformly  distributed  across  the  Interval.  lotting  ou^ 

model  for  clutter  approach  the  .IIt:'.'.  In  vhlch  the  distribution  of  's 
over  the  Interval  Is  Infinitely  denre  ar^  the  a^'s  infinlteslmalf  v** 
obtain  a  process  which  ia,  nsthemat* '"1 ''y,  ,i,ly  aniilogous  to  the  ahot 
effect.^  Thus,  the  clutter  noise  at  the  input  to  the  filter  u(t)  in 
Fig.  4  is  equivalent  to  white  gausslan  uoise. 

Then  v(t),  which  Is  the  outpir,  of  the  p(t)  filter  and  is  the  message 
presented  to  the  radar  receiver,  is  given  by 

v(t)  - 

Signal  Clutter 

noise 

where  n^(t)  is  the  res^ilt  of  passing  white  gausslan  clutter  noise  through 

the  n(t)  filter.  Because  the  u(t)  filler  has  a  spectral  transfer  function 

given  by  |u(f)|^,  n^(t)  is  Biiiqily  colored  gausslan  noise  with  power 

spectrum  N^(f)  which  is  proportional  +o  tha  en**rgy  spectrin  of  the 

# 

transmitted  signal.  That  is, 

H^(f)  -  c!n(f)!^ 

where  c  is  a  proportionality  constant  which  depends  on  the  intensity  of 
the  clutter.  Adding  tlie  colored  noise  from  the  clutter  to  the  additive 

#  . 

Tills  fact  has  been  noted  by  lAWson  and  Uhlenbeck,  reference  6. 
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Mhl.te  lull  rccolvor  noioe  with  noise  power  per  cycle  N and  noting 

thut  tbo'.A  tvo  noisea  are  Independent,  the  result  is  colored  noise 

with  power  opect-^ura  N(f). 

N(f;  ^  Y  ^  c|u(f)|^ 


The  problem  presented  to  the  receiver  is  that  of  detectiiig  the 

returned  radar  olcnal  An(t  -  t^)  in  the  presence  ‘'■•f*  colored  garissian  noise. 

7 

I>.’ork  anl  later  George  have  independently  extended  signal  detectacdlity 
theory  to  include  the  case  of  a  known  signal  in  colored  gaussian  i  oise. 

If  S(f)  is  the  voltage  spectrum  of  the  signal  and  N(f)  Is  the  power  spectrum 
of  the  noise,  they  have  shown  that  the  transfer  function  of  the  optimum 
filter  Is  given  by 


S*(f) 


-STTifT 


N(fy 


where  T  is  a  conveniently  chosen  time  delay.  Mote  that  in  the  ^ite  noise 
case  K(f)  is  a  constant  and  the  above  expression  becomes  the  transfer 
function  of  the  usual  matched  filter.  The  above  filter  is  really  the 
genera.li ration  of  the  matched  filter  to  the  colored  noise  case.  The  peak 
signai-to-noiiie  power  ratio  obtained  with  the  above  filter  is  given  by 


•  CO 


For  our  problem 


C(f) 


ft* 


OD 

^  An(t 

•o» 


•Sifift 


dt 


«  AU  (f)e 


Sirlft 

b 
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find 


ls(f)|^  -  A^!u(f)|® 

Mac,  recalling!  that  N(f)  +  c|u(f ) |^  and  subatltutlng  in  the  above 

exprissslon,  we  have 


(S/H) 


opt 


r 


mm 


-  M  +0 
2  o 


.o 


iu(f)r 


df 


The  qiiActlty  ^8  a  good,  neaa’are  of  the  single  pulse  detection 

* 

capability  idilch  la  available  from  the  optljnm  receiver.  Therefore,  in 
order  to  maximize  the  detection  capability  ve  nuat  choose  the  parameters 
of  the  radar  syatem  to  maximize  (S/w)^^.  The  constants  A  and  c  are 
determined  by  the  nature  of  the  target,  the  clutter  and  the  geometrical 
parameters  of  the  system.  In  this  discussion  ve  assune  that  these 
parameters  are  not  at  our  disnosal. 


*For  an  exactly  known  signal,  (probability  of  detection)  versus 
(probability  of  false  alarm)  curves  given  in  reference  3  can  be  used 
if  one  replaces  2E/H^  by  (S/h)^^.  In  practice,  the  returned  radar 
signal  la  noi.  exactly  known  because  of  unknown  parameters  sudi  as  time 
delay.  For  a  given  these  unknown  parameters  have  the  effect  of 
Increaalitg  the  false  alarm  x'ate  by  an  amoi^it  which  may  depend  on  the 
shape  of  transmitted  sigzial  waveform.  However,  for  the  level  at  whl<di 
most  radars  operate  the  increase  in  false  alani  rate  introduced  by 
these  unknown  parameters  does  not  seriously  degrade  the  signal  detectability. 
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It  is  of  gi’pat  interest  to  determine  the  dependence  of  (S/N)^^  on 
U(f),  tiint  la,  the  dependence  of  the  signal  dctecte.'blllty  on  the  tranasltted 
signal  vaveforc.  There  «re  several  concluolona  wii.ich  are  linaedlately 
apparent  from  the  expression  for 

1.  Wien  no  clutter  la  present,  that  la  idien  c  ■  0,  (S/N)^^ 
depends  only  ou  the  ratio  “f  the  signal  enerey  to  noise 
porfer  per  cycle  at  the  rece'’v<»i-,  Th''~*fore  ve  have  the 
•rell-known  result  that  th*  detection  capability  depends 
only  on  the  energy  of  the  trarnmitted  pulse  and  not  on 
Its  shape. 

2.  In  the  limit  where  internal  noise  is  negligible,  that  is 

where  N  «  0  (or  where  the  clutter  rettim  overpowers  the 
o 

receiver  noise),  the  Integrand  la  a  consteunt  and  (S/N)^^ 

depends  only  on  the  effective  system  bandwidth.  Thio 

4,8. 

fact  has  been  pointed  out  by  George  and  Urkovits. 

In  particular,  the  detectability  does  not  depend  on  the 
transmitted  pxilse  energy. 

If  there  are  no  restrictions  on  pulse  energy  and  pulse  banavidtb, 
it  la  aleo  clear  from  the  above  o^q^resalon  that  (s/N)^^  can  be  made  as 
large  as  we  please  by  choosing  |u(f)|  to  be  sufficiently  broad  and  flat 
versiis  frequency.  For  the  purpose  of  this  analysis,  however,  the 

*Thic  conclusion  depends  critically  on  the  clutter  model  which  has 
been  aasmed.  In  a  practical  rejiar  situs  Lion  the  conclusion  may  not 
hold  because  of  the  discrete  or  granular  nature  of  the  clutter. 
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requlremento  on  the  Bhepe  of  the  transmitted  pulse  can  be  derived  by 
maxlailzlng  subject  to  the  requirements  that  the  pulse  energy  and 

pulse  bandwidth  aie  fixed.  That  Is, 

ao  00 

f  n(t)^dt  =>  r  ju(f)|^df  a  E  (a  finite  constant) 

U 

..CO 


u(f)  "  0  unless  f ^  1  f  1  f ^  or  <  f  <  -f. 


where  Af  ■  fg  -  f^  la  called  the  available  system  bond'/ldth.  'Ehe 
maxlalzatlon  of  Is  a  stralghtfonrard  problem  in  the  calculus  of 

variations  which  yields  a  very  simple  result.  It  says  that  the  spectrum 
of  the  transmitted  pulse  should  be  flat  over  the  available  frequency 
band.  This  resvdt  is  independent  of  the  constant  c,  and  hence  is 
independent  of  what  fraction  of  the  noise  is  due  to  the  receiver  and 
what  fraction  is  due  to  the  clutter.  Thus,  a  transmitted  pulse  which 
has  a  flat  spectrum  over  the  available  system  bandwidth  is  optlmtm  under 
the  assxmed  restrictions  both  at  short  ranges  where  clutter  noise  tends 
to  predominate  and  at  long  ranges  where  thermal  noise  tends  to  predcmlnate. 
Parenthetically  It  may  be  remarked  that  the  requirements  Vhlch  have  been 


derived  on  the  speetzon  of  the  trozumltted  pulse  arc  identical  to  the 


requirements  which  would  be  derived  by  minimizing 


the  Integral 


of  the  squared  autocorreintion  function,  subject  to  the  same  restrictions. 
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The  optir.i7.c<i?  puJ  .*’« 


energy  fipectrum  |u(f)|‘ 


should  therefore  satisfy 


!u(f)r 


V 


for  f  in  Af 


othervise 


Substituting  this  in  the  exjjrcssion  for 


(S/n)  .  ve  obtain 

•  opt 


' ''  /ri 2A  £ 

^opt,opt  “  +  cE/^ 

The  opt, opt  denotes  the  fact  that  S/N  has  been  optimized  both  iflth  respect 
to  the  choice  of  receiving?  filter  and  shape  of  transmitted  waveform.  From 
this  expression  the  desirability  of  having  large  Af  in  order  to  mlnimiEe 
the  effect  of  clutter  noise  and  large  E  to  minimize  the  effect  of  receiver 
noise  is  evident.  For  a  pulse  radar  which  is  peak  power  limited  E  will  be 
proportional  to  the  pulse  length.  These  two  requirements,  large  system 


bandwidth  and  long  pulse  length.  Imply  that  the  transmitted  pulse  shc'uld 


have  large  time -bandwidth  product.  In  other  words,  the  transmitted  pulse 
must  be  coded  or  phase  modulate  3  to  produce  a  time -bandwidth  product 
substantially  greater  than  unity.  For  the  optimized  pulse  energy  spectrum 
the  returned  clutter  noise  spectrum  &«  well  as  receiver  noise  will  be  flat 
over  the  signal  bandwidth  emd  therefore  the  optimum  receiver  filter  must 


be  the  usual  matched  filter  which  results  from  the  assmption  of  white 
gauss  Ian.  backgrovuad  noise.  One  signal  waveform  which  approximately 
satisfies  the  optimum  conditions  derived  here  is  a  pulse  with  rectangular 
envelope  and  a  carrier  with  linearly  swept  frequency,  where  the  pulse 
length  and  frequency  sweep  are  such  that  the  time-bemdwldth  product  of  tlie 
pulse  is  much  larger  than  one, 
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It  Is  of  interest  to  ask  what  are  aomc  of  the  basic  limitations  on 
the  pulse  coding  or  pulse  compression  technique  as  a  means  for  obtaining 
improved  detection  of  targets  in  clutter.  Aside  from  obvious  practical 
difficulties  associated  with  obtaining  transmitting  and  receiving  electronic 
components  to  handle  wider  bandwidth  signals,  there  are  basic  limitations 
due  to  the  detailed  properties  of  clutter  and  targets  themselves.  !ni6 
inherent  granularity  of  the  cJ.utter  which  otu*  mexiei  does  not  take  into 
account  will  set  an  upper  bound  on  the  system  bandwidth  df  which  can  be 
utilized  in  the  discrimination  a^jainst  clutter.  For  finely  divided  and 
randomly  distributed  types  of  clutter  such  as  t>: .elpltatlon  (and  to  some 
extent  oliaff)  the  userul  uystum  buudwldth  ^  id  probably  quite  large,  but 
for  ground  clutter,  ^ich  is  not  so  well  behaved  because  of  the  presence 
of  large  point  scatterers  (large  rocks,  cliffe,  buildings,  watertowers, 
etc.),  the  uaefijl  may  be  much  smaller.  A  second  limitation  on  ^  is 
due  to  the  fact  that  the  targex  Itself  is  not  a  jnsint,  but  is  actually  a 
distributed  scatterer.  Reasonable  target  dimensions  suggest  a  useful 
system  bandwidth  in  the  vicinity  of  10  me. 

What  about  the  ccmpatlbillty  of  pulse  compression  techniques  with 
pulae-to-p\alae  integration  techniques  employing  MTIT  Provided  that  the 
pulse  coding  does  not  change  from  one  pulse  to  the  next,  pulse  phase  at 
the  output  of  the  matched  filter  remains  a  well-defined  quantity  which 
may  be  compared  on  a  pulse-to-pulse  basis.  Thus,  in  principle,  pulse 
co?npro?«lon  and  MTI  are  compatible.  Ln  pulsed  doppler  systems  range 
gating  or  annmUng  followed  by  filt..n'lr>g  can  be  enq>loyod  at  the  output  of 
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the  matched  flltei',  but  the  nvmber  of  range  processing  channels  will  have 
to  correspond  approximately  to  the  effective  number  of  resolvable  range 
Intervale.  The  greater  the  bandwidth  of  the  transmitted  pulses,  the 
greater  must  be  the  number  of  range  processing  channels.  Thus,  as  a 
practica],  matter  for  this  type  of  data  processing,  pulse  compression  will 
require  Increased  receiver  conp?!.exity.  MTI  achemes  employing  two-pulse 
cr  cc-veral-pulse  cancellation  and  t.n-*  ion  'bould  not  have  to  be 
significantly  nsodlfied  If  the  delay  lines  and  associated  electronic 
components  in  the  <lata  processing  have  sufficient  bandwidth  to  arcemmodate 
the  coded  pxilses. 

The  use  of  and  p'ulse  ccu^rcsalou  eiiiiultuneouBly  to  discriialnate 
against  clutter  appeaurs  to  present  a  fortuitous  combination.  For  generally 
a  type  of  clutter  which  responds  poorly  to  one  technique  should  respond 
well  to  the  other.  For  example,  prccipltat.ion  or  chaff  which  80De.tiiae8 
responds  poorly  to  MTI  because  of  its  non- zero  velocity  should  respond 
veil  to  the  pulse  coding,  while  ground  ci»tter  which,  because  of  Its 
spatlaJ.  properties,  may  resjxjnd  poorly  to  pulse  coding  will  respond  very 
well  to  MEI. 

III.  Summary 

The  type  of  clutter  discrimination  which  we  have  disrnjflsed  here  la 
obtained  by  virtue  of  the  spatial  properties  of  the  clutter  rather  than 
its  tlme-vaiying  properties,  as  with  MTI.  Using  a  convenient  model 
applicable  to  finely  distributed  clutter  and  proceeding  from  available 
results  on  the  detection  of  a  known  signal  in  colored  gausslan  noiae,  w® 
have  set  up  an  expression  for  the  single  pulse  detection  capability  for  a 
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radar  operating  In  the  preoence  of  both  receiver  noise  and  clutter  noise. 
Results  for  detection  capability  In  the  presence  of  predominantly  clutter 
or  prodoialnantly  receiver  noise  appear  as  special  cases  of  this  ejgnression. 
From  the  expression  we  have  seen  that  detection  performance  is  simply 
related  to  the  spectrum  of  the  transmitted  signal.  Subject  to  the 
requirement  nf  fixed  transraltt-ed  signal  energy  and  riAcd  system  bandwldt."^ 
we  have  scon  that  the  optlmuii  apcctr..iu  lor  u.e  transmitted  pulse  !«:  one 
which  Is  flat  over  the  available  system  bandwidth  and  that  this  optimum  is 
independent  of  the  relative  strength  of  receiver  and  clutter  noise.  For 
a  radar  whose  transmitter  ia  peak  power  limited,  the  logical  result  of 
these  considerations  is  a  pulse  with  large  time-bandwidth  product,  in 
other  woi'ds  a  coded  pulse.  We  have  mentioned  that  one  method  of 
approxicialely  realizing  the  optimum  pxiloc  spectrum  is  a  linearly  swept 
FW  pulse  with  rectangular  envelope  and  large  time-bandwidth  product. 
Lastly,  it  has  been  poln;ed  out  that  pulse  coding  and  MTT  «r-  not  mutually 
exclusive  radar  techniques.  In  fact,  when  used  together  they  ehoiild  form 
a  pc»werful  comblruitioD  for  the  purpose  of  obtaining  improved  detection  of 

targets  in  clutter. 
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